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I. INTRODUCTION AND StDMARY (M. B. Bridges)

A. Background

A few years ago, workers at the Hughes Research Laboratories

(Ref. I-1) developed an extrusion process for drawing long poly-crystalline

fibers of the mixed crystal thallium bromide-thallium iodide, known as

KRS-5 in the infrared community. The original motivation for their work

was to develop a transmission medium for infrared sources, particularly the

10 micron C02 laser, that would have low loss analogous to the glass optical

fibers at visible and near IR wavelengths. Further studies indicated that

KRS-5 fibers were, indeed, suitable for 10 micron transmission, and that

the theoretical losses should be incredibly low, orders of magnitude less

than those already obtained for glass fibers. The Hughes work on KRS-5 for

IR transmission continues under another program.

The availability of fibers in sizes up to 0.5 m diameter stimulated

Popa and Johnson at Hughes to measure the properties of this material for

its potential as a dielectric waveguide at millimeter wavelengths (Ref. 1-2).

The initial measurements were encouraging (although in retrospect their

dielectric constant value turns out to be wrong):

1. a loss tangent of 2.3 x 10- 3 and a dielectric constant of 19

were measured at 35 GHz in a short dielectric-filled waveguide

resonator;

2. significant transmission was observed (but not measured

quantitatively) through a 2 meter section of KRS-5 fiber at

94 GHz with simple coupling sections in and out; further,

the bending losses seemed small, since the transmission

changed little even with loops in the fiber of less than

0.5 meter radius

A- A
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As a result of this work we decided to undertake a joint program between

Caltech and Hughes to further assess the potential of IRS-S and other materials

that were being drawn by the Hughes process (e.g., KRS-6) for their use as

a practical dielectric waveguide transmission medium at millimeter wavelengths;

we also wished to investigate possible device applications that employ evanes-

cent wave coupling to a low loss transmission medium. The present program

under ONR sponsorship is the result, and this report covers the progress made

under the first year of a three year effort.

B. S unary and Results

During this past year, several tasks were undertaken in parallel.

The results obtained to date are summarized here.

1. Measurements of the bulk dielectric properties of KRS-5 and

KRS-6 were made using two different dielectric-filled metallic waveguide

techniques at 94 GHz and at 10 GCz. We find that the dielectric constant

of KRS-5 at 94 GHz is 31-32, essentially the same as the value at low fre-

quencies. The loss tangent of KRS-5 is 2 x 10- 2 at 94 GHz. The corresponding

-2
numbers for KRS-6 are 28-31 and 2 x 10- . Teflon and Rexolite samples were

also measured with the same techniques to serve as controls on the methods.

The results of these measurements have been submitted for publication (Ref. 1-3);

a preprint is contained as Section II of this report.

2. An open Fabry-Perot resonator technique capable of measuring

low-loss materials was investigated, and preliminary measurements- were made

on samples of Rexolite. However, the results of the aveguide measurements

indicate that the loss in KRS-5 is not low enough to warrant the use of this

technique.

3. Dielectric waveguide measurements were attempted at 94 GHz

on 0.5 am and 0.4 m diameter samples of KRS-S fibers; however, problems

-- ]~
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were encountered in coupling into the HE m ode with this high dielectric

constant material. Waves were observed to propagate at 94 Glz on the 0.5 mm

fibers, but they were evidently not in the HE 1 mode, since they exhibited

phase velocities only a few percent lower than the free-space velocity.

One puzzling feature of these observations is that the waves appear to be

substantially more closely confined to the surface of the fiber than theory

would predict for higher order modes, and the bending losses appear to be

much lower-O.2 meter radii 90 degree bends introduced at most a 1.5 dB

loss transmission of a short section. This is the same sort of behavior

observed in the earliest Hughes measurements. Measured attenuations were

20 to 24 dB/meter, much lower than the 860 dB/meter calculated for the HEl1

mode using our measured values of loss tangent.

4. Scale-model studies with samples of KRS-5 and artificial

dielectric materials (C' - 5, 10, 20) were begun at 10 GHz in order to

develop a better coupling scheme; a coupling technique using an intermediate

dielectric constant material (e.g., e' - 10) resulted from these studies,

and it was used to excite the HE mode on the KRS-5 sample. Measurements

of dielectric constant and loss tangent at 10 GHz deduced from the properties

of the HE mode are in good agreement with our metallic waveguide measurements.

5. Additional information on the thallium halides was found in

the literature, and from it a theoretical estimate of the behavior of loss

tangent with frequency was made. The results are in good agreement with

our 94 GHz measurements of bulk samples. This information is also contained

in the paper mentioned in 1. above.

6. A computer program was written to make mode calculations in

two-region fibers, and several combinations of core and cladding material

were investigated. Using this program with the experimental results of the

ij
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bulk measurements, we are able to determine that a closely-confined fiber

of KRS-5 with a thin clad of Teflon does not appear to be a practical trans-

mission medium; however, a loosely-confined fiber with a thinner core of

KRS-5 surrounded by approximately 5 cm diameter of foamed Teflon should

exhibit a loss comparable to that of copper waveguide at 94 GRz, and have no

more than double that loss with bends as small as 0.6 meter radius.

7. The theory of cylindrical dielectric waveguides with more

than two regions was investigated, and a simple (but approximate) rule was

developed for the relationships among the dielectric constants of the

layers that would result in confining or radiating structures. Recent

experiments by Yamamoto (Ref. 1-4) measuring the losses in a gas-filled

thin polyethylene tube as a millimeter-wave waveguide are in agreement with

the predictions of this rule. The rule and the favorable results of the

gas-filled guide suggest that a waveguide consisting of a core of flexible

teflon foam with a thin layer of high dielectric constant material, for

example, an overwrapped layer of thin KRS-5 fibers, could serve as a low-

loss flexible transmission medium.

8. The state of the theory of dielectric waveguides with cross-

sections of arbitrary shape and dielectric distribution was assessed. From

this study we undertook the investigation of a technique based on the method

of finite differences to calculate the propagation constants and field

distributions in arbitrary waveguides.

C. Conclusions and Future Plans

It appears from our bulk measurements that there is little hope

for a closely-confined thin fiber of KRS-5 surrounded by a thin layer of

Teflon as a practical HE transmission medium; the bulk dielectric loss

is simply too high. Moreover, the good agreement of the bulk loss

V I
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measurements with a simple but credible theory for losses in the thallium

halides offers little hope that improvements in material purity, for example,

caa make a significant reduction in loss tangent. We do plan to measure

directly the attenuation of the HE mode in a 0.5 mm KRS-5 fiber, now that

we have a technique of coupling to it, to verify the calculations based on

the bulk material measurements. We also plan to study the bending iosses

in smaller diameter, loosely-confined KRS-5 fibers, to see if our calculations

for a practical flexible waveguide using these fibers are correct.

In addition, we are still faced with the puzzling result that we have

observed, the propagation of a relatively low-loss mode (about 20 dB/meter)

in a 0.5 mm fiber with a guide wavelength nearly that of free space (which

would imply that almost all of the power resides outside the fiber), but

which seems to have low bending losses. We hope to identify this mode and

obtain quantitative agreement with theory.

We will also continue with the development of numerical techniques

for determining the modes in dielectric waveguides of arbitrary cross section.

We plan to apply this method to practical examples, particularly the rectangular

dielectric waveguide with a large difference in dielectric constant between

core and cladding. We feel that it is particularly important to obtain

exact results for this configuration, since it is ofte" used in rigid milli-

meter wave circuits with silicon or GaAs. Unfortunately, most workers seem

to use the results derived by Marcatili (Ref. 1-5) for small dielctric

constant difference without concern for possible errors introduced by this

violation of Marcatili's ground rules.

During the second year of this program we will begin the studies of

evanescent-wave-coupled devices along the lines of those described in our

proposal. We will begin with a study of the coupling from an ordinary

40
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fiber to a fiber section made from an electro-optic or nonlinear material.

We will also try to extend this study to artificial media, for example, an

array of diodes with small antennas attached.

An additional area we wish to explore, one not originally described

explicitly in the proposal, is a novel coupling configuration for the

fiber-to-waveguide transition which employs a Fabry-Perot resonator.

Under another program, we are studying the properties of an open Fab-y-Perot

cavity in which one mirror has a diffraction grating ruled on it. (Such

a cavity is used in conjunction with an electron beam to generate millimeter

waves; the Russian literature refers to such devices as "Diffraction Radiation

Generators" (Ref. 1-6).) We wish to see if this cavity structure can also

be used to couple to the evanescent waves on a fiber. Since the coupling

from standard metal waveguide to the cavity can be accomplished with a

simple aperture, this may offer a superior (but probably narrow-band) method

of coupling to fibers in the millimeter-wave range. However, it may also

provide the means to couple to short lengths of non-linear or electro-optic

materials in the form of fibers, to provide a reflection-type modulator or

harmonic generator. Under another program we have already completed an

analysis for the fields near the grating in an empty resonator, so that

determining the coupling to a dielectric waveguide should not require much

additional work.

D. Organization of this Report

The major areas of research summarized above are treated in more

detail in the remainder of this report. The bulk measurements are described

in Section II, in the form of a preprint of a paper prepared for submission

to the IEEE Transactions on Microwave Theory and Techniques. Section III

describes the dielectric waveguide measurements made to date. Section IV
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reviews the theory of dielectric vaveguides and presents our calculated losses

for saple designs. It also discusses briefly the extension of the theory

to vaveguides of arbitrary cross-section and dielectric constant distribution.

Finally, Section V presents the derivation and discussion of a simple approxi-

mate rule for predicting the general radiation loss behavior of multilayer

cylindrical waveguides.

y!
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II. BULK DIELECTRIC MEASUREMENTS

The following paper has been prepared for submission to the IEEE Trans-

action on Microwave Theory on Techniques.

MEASURMENT OF THE DIELECTRIC CONSTANT AND LOSS TANGENT

OF THALLIUM MIXED HALIDE CRYSTALS KRS-5 AND KRS-6 at 94 Gz ( * )

by

William B. Bridges(a), Marvin B. Klein(b) and Edgard Schweig(a)

ABSTRACT

The dielectric constants and loss tangents of KRS-5 and KRS-6

thallium halide mixed crystals have been measured at 94 Glz using

both the shorted waveguide reflection method and the Fabry-Perot

transmission method on samples filling standard WR-1O waveguide.

The results-KRS-5: C; - 31.2 t 0.7, tan 6 - 1.8 ± 0.2 x 10-2;

KRS-6: C; - 29 +_ 1, tan 5 - 2 ±1 x 10-2 -agree reasonably well

with a simple theoretical fit to the far-infrared lattice absorptions of TLBr

and TECt at about 1400 CHz. The dielectric samples were hot-

pressed into copper wafers with dimensions matching WR-1O waveguide,

and then machined and polished to obtain flat, parallel air-dielectric

interfaces.

(*) Work sponsored by the Office of Naval Research under contract number

N00014-79-C-0839 and by Hughes Aircraft Co. Independent Research and

Development Funds.

(a) California Institute of Technology, Department of Electrical Engineering,

Pasadema, California 91125

(b) Hughes Research Laboratories, Malibu, California 90265.

Ij
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Introduction

The mixed crystal thallium bromide-iodide (KRS-5) has long been

known as an infrared transmitting window material for the wavelength

range 0.6 to 40 microns. However, little was known about its microwave

transmission properties, and nothing of its properties in the millimeter

wave range. Recently, long fibers of KRS-5 have been fabricated, and

1
their infrared transmission has been reported . Soon afterward propa-

gation in a KRS-5 fiber at 94 GHz was demonstrated , thus raising the

possibility of waveguide applications in the millimeter wave range. The

low frequency dielectric constant of KRS-5 is given by von Hippel3 as

32, which would imply a very small fiber diameter for such a mm-wave guide

(less than 1 = diameter) and allow a wide range of dielectrics for cladding

material, for example, Teflon or polyethylene. Von Hippel also reports a

loss tangent of 2 x 10. in KRS-5 at 10 GHz , while Popa and Johnson2

measured a value of 2.3 x 10-3 at 37 GHz. The losses are expected to be

larger at higher frequencies due to lattice absorption, but no literature

values are available. The reported low-frequency losses in KRS-6 (thaliu

bromide-chloride) are also quite low3 . Accordingly, we undertook a study

of the dielectric properties of KRS-5 and KRS-6 at 94 GHz to assess the

potential of these materials in a practical flexible waveguide.

Our measurement techniques utilize samples mounted in standard metal

waveguide, in contrast to past work at 94 GHz, which was based primarily

on quasi-optical techniques. Our preference arises from the simplicity and

accuracy of waveguide techniques and a novel sample mountiug configuration

which eliminates gaps between sample and wall. Two different waveguide

measurement techniques were used with the same samples:

..
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1. Measurement of the transmission through or reflection from a

planar slab of dielectric, taking into account the multiple reflections

between the two faces-a Fabry-Perot resonator. (Our method is a modifica-

tion of that described by Redheffer ;)

2. Measurement of the reflection from a sample backed by a short

4
(a well-known technique; cf. Roberts and von Hippel .)

In addition, samples of Teflon and Rexolite were measured by these

same two techniques as a check on the validity and accuracy of the methods.

Sample Preparation

In preparing samples for any waveguide measurement, it is very important

that a tight fit be obtained to the waveguide walls. The errors introduced

by any gap between the wall and the sample increase as the dimensions of

the waveguide and sample decrease and as the dielectric constant increases.

In order to obtain the best fit for the 94 GHz measurements, the samples

of KRS-5 were hot-pressed into a waveguide-shaped opening in a copper wafer.

The cross section of the opening was 2.54 x 1.27 m, corresponding to

standard WR-10 waveguide. This opening was formed by electroplating a

thick layer of copper onto a precision machined aluminum mandrel, and then

etching away the mandrel. Before the copper electroplating, a thin (5 um)

layer of gold was evaporated on the mandrel; after electroplating and etching,

this gold layer remains on the interior surfaces of the waveguide and prevents

oxidation during the hot pressing procedure.

Samples of KRS-5 and KRS-6 were machined from comercial stock* into

billets which were slightly undersize in both thickness and transverse dimensions.

A sample was then inserted into a wafer opening and pressed with an undersized

mandrel.

*The sources of the materials were: KRS-5, Earshaw Chemical Co., Solon, Ohio;
KRS-6, British Drug House, Poole, England.

4; ...
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at an elevated temperature until it expanded laterally to fill the opening.

The best results were obtained by applying 1, 2 x 106 kg/ 2 for periods of

six hours at a temperature of 250*C. The wafers with the sample in place

were then machined to the desired thickness and lapped to obtain a flat,

polished surface.

The KRS-5 samples prepared in this manner were free from cracks or

voids under inspection by microscope. Typical samples are shown in Fig. 1.

KRS-6 is substantially less ductile than KRS-5, and the pressed samples of

this material were not as free from defects. Waveguide wafers containing

samples of Teflon and Rexolite were also prepared by hot pressing. Because

of the high ductility of Teflon, lower values of pressure and temperature

were used when pressing the material.

Waveguide Fabry-Perot Measurements

The first measurement technique used the wafers as Fabry-Perot resonators

in a waveguide; different combinations of samples are inserted to vary the

length of the resonator. The arrangement shown in Fig. 2a was employed to

measure the transmission and reflectlon from the dielectric wafers. A

waveguide isolator was used to prevent frequency pulling of the klystron

source by reflections from the samples; a second isolator was used in

front of the transmission detector to eliminate reflections from any detector

mismatch. A reference transmission level was first established with no

wafers in the system. Transmission and reflection coefficients with the

wafers in place were then determined by changing the precision attenuator

until the detector signals were equal to the reference level, thus eliminating

detector non-linearity as a source of error.

The power transmission coefficient at normal incidence through a plane-

parallel dielectric sample filling the waveguide cross section is given by

V *. b



Figure 1 Photograph of the copper-wafer-vounted samuples of KRS-5.
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DETECTOR

y WAFERIS) DETECTOR

tKLYSTRON WAVE- PRECISION
(94 6Hz) ISOLATOR ETER ATTENUATOR

(b)

LIE WAFER SHORT

Figure 11-2 Experimental arrangements used for the waveguide measurement

of complex dielectric constant.

(a) Fabry-Perot resonances in reflection and transmission;

(b) Shorted-waveguide method.
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Ptransmitted 1 (1)
Pincident [1 - R exp(-2aL)]2 +14R sin2SL

(1 - Rzexp(-2zL) (1 - R) i

where R is the power reflection coefficient of a single air-dielectric

interface and a + JB is the complex propagation constant for TE w raves in

the dielectric-filled region:

ell
itr ___ ___aL = X . M-X tan 6  r (2)

X r 2aL r 7 a (3)

where A is the free space wavelength, a is the width of the vaveguide,

er - JE r is the complex relative dielectric constant, and tan 6 is the loss

tangent. These expressions are valid for low-loss materials (tan 6 << 1).

Further, for the situation of a high dielectric constant material filling a

TE10 waveguide operated above its normal (air-filled) cutoff frequency, the

factor (X/2a)2<< E, so that the approximations

-a-- tan6 (2a)

2w("' (3a)
Ar

are valid.

The reflection coefficient R in Eq. 1 is simply the Fresnel reflection

from an air-dielectric interface, modified by the change in phase velocity

resulting from the presence of the metallic waveguide walls:

V *.
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,. . (T< a)2' ' ,
R&(4)

As before, if (L/2a) 2 << C', then

r

~2

R 2
R j j r ](4a)

For C' - 32 and X - 3.0 m, R 0.76 in a WR-10 waveguide.

Equations 1-4 assume, of course, that all the power remains in the

TE10 mode as the wave passes through the dielectric-filled section, despite

the fact that many higher-order modes are above cut-off in that section.
We argue for this simplification by noting that the planar, normal air-

dielectric interfaces and the constant physical cross section of the metallic

boundaries do not encourage mode conversion. Nevertheless, this could be

a source of error in long sample sections.

The transmission and reflection for all possible combinations of wafer

thicknesses were measured at a fixed frequency of 94.75 GHz. These data

were then used as input to a computer program that systematically varied

the complex dielectric constant to yield a least-squared-error fit of the

theoretical transmission or reflection coefficient to the data. Several sets

of measurements were made with the KRS-5 and KRS-6 wafers under different

conditions as specified in Table I. Figure 3 shows the data points corres-

ponding to a specific run for KRS-5 and illustrates the quality of the fit

to the theoretical transmission (solid curve). The reduced accuracy for

the KRS-6 measurement is presumed to be due to sample imperfections, which

had an expecially strong effect when several samples were stacked together

to give large thicknesses.

A *
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0
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FREQUENCY.Of

Figure 11-3 Measured transmission coefficients and fitted Fabry-Perot

curve for KRS-6 wafer samples.
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In order to check on the accuracy of this technique and its ability

to measure still lower values of loss tangent, we also measured the dielec-

tric constant and loss tangent of Rexolite and Teflon. The measured values

are were:

' - 2.56, tan 6 - 3 x 10- 3 for Rexolite,
r

-' - 2.04, tan 6 - 9 x 10 - 3 for Teflon.
r

The values of dielectric constant are in good agreement with literature

values 6 ' 
7 , while the values of loss tangent are larger by a factor of ' ' 3

(for Rexolite) and 1%, 10 (for Teflon). We do not know if this discrepancy

is due to measurement error or sample imperfections. In any case the

measured values of loss tangent for these materials are lower than the

values for KRS-5 and KRS-6, and suggest that the technique should be

1 accurate for the latter materials.

From our experience, it appears that in the case of high-dielectric

constant material, the best data are obtained from the measurement of the

transmission coefficient, whereas for low-dielectric constant material the

reflection coefficient should be used, and a fit made to the reflection equation

analogous to Eq. 1:

SR[l- exp(-2oaL)] 2  + 4R sin2
aL

Preflected = (1 - R)2 exp(-2 L) + (1 - R) 2  (6)
Pincident [1 - R exp(-2 +L) + 4R sin2BL(1 - R)2 exp(-2caL) (1 - R)2

For Teflon and Rexolite it is not appropriate to use the high dielectric

constant approximations 2a-4a; the exact expressions 2-4 are used instead.

~~.



Waveguide Reflection Measurements

In a second experiment we measured the complex reflection coefficient

from a single wafer inserted at the shorted end of a waveguide. An experi-

mental arrangement similar to the one described by Roberts and von Hippel
4

was used for the reflection measurements, as shown in Fig. 2b.

A short was placed at the end of the empty waveguide, creating a

reference standing wave pattern. The position of a node was determined

with a slotted line (TRG Model W740). A wafer was then inserted

between the end of the waveguide and the short, and the position and magni-

tude of the standing wave were again determined with the slotted line. As

before, the precision attenuator was used to return the detector output

to the reference level, so that the VSWR accuracy depended solely on the

attenuator calibration, and not on the detector linearity. The measurements

were made at a frequency of 94.75 GHz.

The theoretical equation relating the shift to the VSWR minimum from

the reference position and VSWR magnitude to the complex dielectric constant

of the sample is transcendental and implicit in dielectric constant:

-I 12 S\

tan[(c+1)L] jP VSWR - j tan _T__tanh[ (a + JBW)L9(7
(c+J)] -2L-- (g 7

I (+ )LI 21TL I - j VSWR- I tan 21rS

where X is the wavelength in the air-filled guide and S is the distanceg

from the dielectric interface to the first node of the standing wave in the

air-filled sections; S is also equal to the shift in position of the standing

wave mode when the sample is inserted. As before, the assumption is that

the power remains in the TE10 mode throughout, even though higher-order

modes can exist in the dielectric-filled section.
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The right hand side of 7 contains the measured quantities and is

evaluated, resulting in a single complex number. The propagation constant

a + JO is then determined numerically from this complex number and ' - rr r

from a + j by Eqs. 2 and 3. A computer program to solve these equations

9was written along the lin~s of the program used by S. Nelson, et al.

The values of complex dielectric constant obtained for the samples of

KRS-5 and KRS-6 are given in Table II. The agreement between the various

samples is quite good and provides an increased level of confidence in

the results.

In order to provide a further check on our experiments, we measured

the dielectric properties of Rexolite and Teflon at 94 GHz and obtained

6,7a good agreement with values published in the literature 7
. Unfortunately,

the wafer-mounted samples of Teflon and Rexolite were not thick enough to

yield good results. In the case of very low-loss, low dielectric constant

materials, it is necessary to use samples that are significantly larger

physically because the additional losses when the dielectric is introduced

in the waveguide must be larger than the losses due to the metallic walls.

Accordingly, we cut longer samples of Teflon and Rexolite (^ 13 mm) for a

slip fit in WR-10 waveguide from the same lots of Teflon and Rexolite used

for the wafers. Our results with these samples were:

el - 2.4 t 0.1, tan 6 - (3.3 t 0.1) x 10- 3  for Rexolite and
r

C' - 1.9 t 0.1, tan 6 - (3.9 t 0.9) x 10- 3  for Teflon.
r

As a check on the 10 GRz values of C' and tan 6 quoted without reference
r

by von Hippel 3 for KRS-5, we also made a waveguide reflection measurement

at 10 GHz, using a setup similar to the one depicted on Fig. 2b. In this
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case, the samples were machined to size and slipped into the end of standard

X-bard waveguide. The average values for the complex dielectric constant

of KRS-5 at 10 GHz were:

c' - 30.6 t 0.8, cand - (4± 2) x 10 - 3.

Frequency Dependence of Dielectric Properties

As stated earlier, no measurements of the dielectric properties of

KRS-5 or KRS-6 above 10 GHz have been reported previously. However,

measured values are available at lower frequencies, especially for KRS-5.

Our measured values of E' at 10 and 94 Glz for KRS-5 are essentially the
r

same as the values reported by von Hippel3 at 102 - 107 Hz and 10 Hz.

In order to compare our measured values of loss tangent for KRS-5 with the

other values, we have plotted all measurements as a function of frequency

in Fig. 4 . It is clear that the frequency variation can be divided into

two separate regimes. Below It, 108 Hz ionic conductivity dominates and

the loss tangent varies as

1
tan 6 - 27fpc'c (8)

ro

where f is the frequency and p is the resistivity. As expected, the data

points closely follow a 1/f variation, corresponding to p - 2 x 108 ohm-cm

and er - 31. The absorption at microwave and millimeter wavelengths appears

to be dominated by the low frequency tail of the strong lattice absorption

centered at - 1400 GHz. If we model the lattice vibration as a single

harmonic oscillator, the loss tangent is expected to vary as

tan 6 - -1 (9)
21Tf

2

0

o;
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Figure 11-4 Measured values of the loss tangent of KRS-5 and theoretical

behavior due to ionic conductivity (103 to 107) Hz and

lattice absorption (above 107 Hz). Curves for the

theoretical variation of loss tangent of TLCZ and TZBr due

to simple lattice vibrations are also shown.
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where y is the damping coefficient (rad- 1 ) and f is the resonant frequency.

In Fig. 3 we have drawn a line through the data points that gives a value of
/2 2  1. x 1-13

Y/21rf 2 _ 1.5 X 10 sec. Separate measured values of y and f for KRS-5 are
0 a

unavailable, but literature values10 for TICZ and TXBr (based on dielectric

constant measurements in the far infrared) give y/2nf2 - 1.2 x 10- 13 and
0

1.1 x 10-13 sec, respectively. No value is available for TXI, but we would

expect it to be similar, and thus the admixture of TUI to TlBr (giving KRS-5)

is also expected tn be comparable. It appears that our measured value for

KRS-5 may be slightly high due to extrinsic factors such as impurities and

imperfections.

Summary

In summary, we have provided the first measured value of the dielectric

properties of KRS-5 and KRS-6 at 94 Gz. Our measurement techniques made

use of sample mounting in standard metal waveguide, thus reducing the required

sample size and eliminating the diffraction problems present in quasi-optical

techniques. Our sample mounting technique insures a perfect fit into the

waveguide, and is applicable to a wide range of ductile materials. We

are now working to extend the technique to harder materials.

We would like to acknowledge helpful discussions with A. E. Popa and

D. M. Henderson, as well as the expert technical assistance of R. E. Johnson.

I. ;

I4



11-16

*10

.0 , a a.

I. 8

as a

k -4 W - A .% %
1.!

an n - 4



11-17

TABLE II

Experimental Values of C' and Tan 6 by the Shorted Waveguide Method
r

Sample Thickness E,
(on) Material r Tan 6

0.942 KRS-5 31.7 1.7 x 10 - 2

0.940 KRS-5 31.9 1.7 x 10 - 2

0.686 KRS-5 31.1 1.9 x 10 - 2

0.414 KRS-5 31.5 1.6 x 10 - 2

0.973 KRS-6 30.8 1.1 x 10 - 2

0.777 ! S-6 31.0 3.3 x 10 - 2

0.483 KRS-6 30.8 3.6 x 10 . 2

0.358 KRS-6 30.8 1.0 x 10 - 2

12.532 Rexolite 2.41 3.4 x 10- 3

12.517 Rexolite 2.41 3.2 x 10- 3

14.030 Teflon 1.94 4.1 x 10- 3

13.872 Teflon 1.98 4.7 x 10- 3

140
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III. DIELECTRIC WAVEGUIDE EXPERIMENTS (W. B. Bridges, M. B. Klein, E. Schweig)

Some of the experimental results we have obtained with dielectric

waveguides are still a bit puzzling; for this reason, our experiments will

be described in chronological order, so that the reader will have the

benefit of following our reasoning as well as our results. We hope that

by the time of the next annual report, the puzzles will be solved and

experiment and theory will again be in good agreement.

A. Original Hughes Measurements

The first measurements at 94 GHz on KRS-5 fibers were made by

Popa and Johnson at Hughes Research Laboratories in 1978 (Ref. 111-1).

The measurements were largely qualitative, and new job assignments precluded

a quantitative follow-up. The gist of their results are as follows: A

KRS-5 fiber 0.5 mm in diameter and about 2 meters long was coupled to a

klyntron signal source at one end and a Schottky detector at the other.

The coupling sections were the same as those described in the next section,

a Rexolite bicone in the end of a flared waveguide. Transmission was

observed through this length of fiber, but the attenuation was not measured.

The magnitude of the transmitted signal did not seem to depend significantly

on the bending or looping of the 2 meter length of fiber. The guide wave-

length on the fiber was observed to be about 5% less than the free space

wavelength as determined by measuring the periodicity of the reflected

power as a small metal perturber was slid along the fiber. The fields

also appeared to hug the fiber very closely; all of the power could be

transmitted when the fiber was threaded through a 1/4 inch hole in a

metal plate.

I All of these same observations have been repeated by us on a some-

what shorter length of fiber (50 cm), as reported in more detail below.
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However, it is interesting to note first two facts about the Popa-Johnson

measurements:

1. The observation of a guide wavelength near that of the free

space wavelength should have raised an eyebrow at the time it was seen;

but Popa and Johnson had previously made a filled, slotted waveguide

measurement of KRS-5 at 35 GHz, and had concluded that the dielectric

constant was 19, not 32 (a mistake that resulted from misreading the rather

complex standing wave pattern on their slotted section.) For a fiber

diameter of 0.5 mm and C' - 19, one would expect only the HE1 1 mode to

propagate and that it would have a guide wavelength nearly that of free

space.

2. If our bulk measurement value of the loss tangent of KRS-5

is used to predict the transmisnion loss of an BE mode on a 0.5 mm diameter

fiber with C' - 32, the loss would be about exp (-400), or about -1730 dB.

Obviously, Popa and Johnson were not seeing the HE11 mode in their experi-

ment. It is also clear that they were not seeing simple radiation from

the source coupler to the detector coupler directly through space-the

transmission occurred via a guided mode closely hugging the guide, and

could be cut off completely by closing down a metal iris anywhere along

the guide. It was on the basis of these experiments that we decided to

investigate further and wrote the proposal that lead to the present program.

B. Initial 94 GHz Measurements Under the Present Program

As our initial experiment we attempted to duplicate the results

obtained by Popa and Johnson. The experimental arrangement is shown in

Fig. l1I-1. The same couplers were used to excite the fiber as those used

by Popa and Johnson; they are shown in Fig. 111-2. A biconical Rexolite

bead with a hole slightly larger than the fiber is inserted into the flared

- .. . .- " - " .. . . .. . .. . . .. . ' 'i ... ...... . .. . . : .. . . im _ . r a
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HP415D HP415D

-20dB COUPLERR

Ai

94 G~z 
E. C /U " /

ISO. A-T-E, H -,o
IkHz MOD.

Figure l1I-1 Experimental arrangement used at 94 GRz to study the

propagation along KRS-5 and KRS-6 fibers. A small

metal perturber was slid along the outside of tb.

fiber at positions A, B, and C to determine the change

in reflected power due to the fiber propagation loss.

.5. '
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WR-IO METAL WAVEGUIDE

I0 FIBER (.5MM dia)

RAGU LREXOLITE
RECTAGULAR BEAD

TO CIRCULAR
FLARE

Figure 111-2 Cross-section of the couplers used in the initial fiber experiments.

The fiber can be slid through the bead to find an optimum coupling.

4
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end of a standard WR-1O waveguide section. The flare also serves as a transi-

tion from the standard rectangular cross section to a round cross section

that fits the bead. The tip of the KRS-5 fiber was carefully sanded to

a conical taper with an approximately 3:1 aspect ratio, about the limit

for hand sanding.

The fiber is inserted into the hole in the bead and the depth of

penetration is adjusted for maximum transmission. The E-H tuners are then

further adjusted for maximum transmission; the fiber penetration and E-H

tuner settings appear to be independent. One precaution taken in adjusting

the fiber penetration was to offset the receiving coupler from the line

of sight of the transmitting coupler; if the fiber is not positioned properly

(e.g., too shallow) then the transmitting coupler radiates like a horn

antenna and the receiving coupler picks it up directly if the two are

pointed at each other. Even if the couplers are offset in angle as

shown in Fig. 11-1, direct radiation could be reflected from one to the

other by a flat metal plate used as a mirror. However, with proper penetra-

tion of the fiber into the waveguide, no free space radiation could be detected

either by spurious transmission from mirror-like reflectors, or as changes

in reflected power. With proper fiber positioning, the fields appeared

to be localized within 1 mm around the fiber.

With the arrangement of Fig. III-1, we were able to reproduce all

of the observations made by Popa and Johnson. By moving a small metal perturber

(a slotted metal plate or a small wire ring) along the fiber with a calibrated

stage (a Hewlett-Packard slotted line carriage), we measured a guide wave-

length a few percent less than the free space wavelength to within our

measurement accuracy (perhaps 5%) by observing the periodic variation in

the reflected power. The fiber was also bent in a single curve from nearly
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straight to 90 degrees with no more than 1.5 dB decrease in the transmitted

signal level.

In addition to verifying the earlier qualitative observations, we

also attempted to measure the guide attenuation directly. About 22 dB

attenuation had to be added on the precision variable attenuator to return

the detector output to the original value when the fiber section and couplers

were removed. This loss in a 50 cm length gives a value of 0.45 dB/cm if

all the loss is attributed to the fiber and none to the couplers. This value

is certainly much less than the 8.6 dB/cm that we now calculate from our

loss tangent measurements for a tightly-confined mode in a KRS-5 fiber.

However, we had not yet made the loss tangent measurements, and we were

surprised that the losses were as high as 0.45 dB/cm.

We then attempted another loss measurement by noting the change in

the magnitude of the reflected power variation induced by the moving

perturber as it is slid along different sections of the guide (A, B, and C

in Fig. IIl-1). The reflected power variation when the perturber is moved

along the fiber results from the interference of the reflection from the

perturber with other reflections in the guide (most likely the coupler mis-

match). The magnitude of the variation decreases as the perturber is moved

to regions farther from the transmitter, since the wave reflected from the

perturber is attenuated by the additional double pass loss in the length

to these regions. From these measurements we concluded that the fiber attenua-

tion was between 0.20 and 0.24 dB/cm, or 20 to 24 dB/meter for KRS-5 and

about 12 dB/meter for KRS-6, and that the remaining attenuation we observed

in the section was attributable to the couplers.

Once we began to obtain data from the bulk measurements of KRS-5,

we realized that a dielectric constant of 32 and a diameter of 0.5 mm
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should have produced a very significant slowing of the wave on the fiber

(see Section IV for the theoretical curves for a 0.5 mm fiber of c' - 32.'

Even though the symmetry of the coupler design should have excited primarily

the HE mode, we concluded that we were actually seeing some other mode.

We probed near the fiber with a thin wire in an attempt to determine the

polarization and distribution of the electric fields. This proved unsuccess-

ful in that any orientation of the wire probe seemed to produce the same

value of reflection. We also attempted to rotate the detector mount,

slipping the fiber in the Rexolite bead to determine if the mode were

plane polarized or not. This proved to be inconclusive, since it was very

difficult to keep the fiber fixed and slip it in the bead repeatably.

From the loss tangent values we could conclude that if the-HE11 mode

were excited by the couplers, it would deray very rapidly near the transmit-

ting coupler, and we would not see it at the positions A, B, or C where we

had made the perturbations. We attempted to make the same kind of perturba-

tion measurements near the transmitting coupler without success, since there

was sufficient free space radiation in that vicinity to interfere and give

a complicated pattern of reflections when the perturber was moved. With

all these courses of action frustrated, we decided to set up a scale model

measurement arrangement at X-band, where the physical dimensions are ten

times larger, and where artificial dielectric materials in a variety of

dielectric constants are available for experiments to improve the matching

scheme.

C. Dielectric Waveguide Measurements at 10 GHz

An experimental arrangement to excite waves on dielectric

rods was set up at 10 GHz as shown in Fig. 111-3. Only short, rigid dielec-

tric samples were available for this wavelength, so that transmission

measurements, which require a bend in the fiber, were not attempted. A

x
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OSCILLOSCOPE HP415D

FEIIIV~IZSHORT
KLYSTRON TERMINATION
x-13

10 GHz ATTEN 22

I kHz MOD()

HPX890A WASHER

10.400"

"LOSSY FOAM

Figure 111-3 (a) Experimental arrangement used at 10 GHz to study the HE,,

propagation along dielectric rods.

(b) Detail of the rod and horn coupler used. The fields around

the fiber were determined to extend only out to the dotted

line as determined by observing the reflections from a

metal perturber.
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standard horn antenna with its flare in the direction of the electric

field was used as a coupler to the waveguide. A polyfoam insert was fit

to the inside of the horn to provide centering and support for the dielectric

r-ds. Samples of Lucite, Stycast* artificial dielectric materials, and

KRS-5 were studied with the results tabulated in Table Ill-1.

For Lucite and (t' 10 Stycase rods, good coupling to the HE11

mode was easily obtained by simply inserting the rod in the end of the

horn as shown in Fig. III-3b. (A blunt taper was ground on the end of

each rod, but the coupling to the HEl1 mode appeared to be as good with

or without the taper; the reflection coefficient was somewhat higher without

the taper.) The rod was positioned in the horn to minimize the reflected

power and minimize the radiation field away from the dielectric rod. For

Lucite and E' - 10 Stycast it was possible to eliminate the radiation field

completely; a metal perturber could be ilaced anywhere outside the volume

occupied by the HE11 mode (indicated schema zically by the dotted line

surrounding the rod in Fig. III-3b) with no change in reflected power.

As another test of the degree of coupling to the HE mode, the rod

was removed and a shorting metal plate was placed over the end of the horn

to establish a 100% reflected power reference reading. The rod was then

replaced and standard 1/4 inch washer was slipped over the rod as shown

in Fig. III-3b. Essentially 100% reflected power could also be obtained

from this washer, which was only about 5/8 inch in diameter, indicating

that the fields of the mode excited extended only about one rod diameter

or less outside the rod.

* A trade name for materials from Emerson & Cumings, Canton, MA.

I
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By moving the washer along the rod and observing the periodic

change in the reflected power reading, the guide wavelengths were determined;

these are compared with theory in Table III-1. (No theoretical value is

given for the square sample since the theory for this geometry is not known;

however, the result is consistent with a simple approximation that takes

an "effective diameter" as the diagonal dimension of the square.) The

agreement with the theoretical values for the HE mode is generally good.

As a further test for the existence of the HE mode, the fields

surrounding the rod were probed with a short length of wire in the positions

shown in Fig. III,4; the electric field lines for HE11 vertically polarized

mode are also sketched in. With the wire probe in position A very little

change in reflected power was observed as the wire was moved along the rod.

With the wire in position B, a very large change in reflected power was

observed as the wire was moved. With the wire oriented in position C an

intermediate value of reflection was observed, and with the wire in posi-

tion D, the largest change in reflection was observed. These observations

are all consistent with the degree to which the electric field of an HE11

mode would be shorted by the presence of the wire probe.

Vien the same sequence of measurements was attempted with the higher

dielectric constant rods (Stycast C' - 20, 30, and KRS-5) quite a different

behavior was noted. First, simply inserting the rods into the end of the

horn was insufficient to couple to the desired HE mode. The free space

radiation from the end of the horn was so strong that it was impossible

to measure the guide wavelength by sliding a shorting washer along the

guide--the free space value was obtained no matter what the location of

the perturber.
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Figure 111-4 Cross-section of the dielectric rod showing four positions of

a metal wire perturber. The electric field lines are sketched

in for the HEll mode in a particular plane; beyond the plane

shown the electric field lines run parallel to the rod along

the outside, then turn back into the fiber one half guide

wavelength away, reproducing the pattern shown, but in the

opposite sense.
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After some creative trial and error, the arrangement shown in

Fig. 111-5 was developed to excite a HE mode on the KRS-5 sample. The

coupling was first made to a 0.25 inch diameter sample of Stycast C' - 10

material as before; then the KRS-5 sample was butt-coupled to the Stycast

rod and held in place with a single layer of Scotch Magic Mending Tape.

The fields around both rods were probed with a metal perturber and the

reflections noted. There was no evidence of radiation around the Stycast

section; fields were confined to the same region as before. There was

some radiation around the KRS-5 rod, but the fields were much stronger

very close to the rod (about 1-2 m from the surface), so that a guide wave-

length measurement could be made by sliding a washer along the rod as

before. The resulting guide wavelength of 0.74 cm is in good agreement

with the theoretical value of 0.71 for an el 32 rod, 0.21 inch in diameter.

The fields around the KRS-5 rod were probed with the short wire

probe with essentially the same results as described for the Stycast

E' = 10 rod. Smaller values of reflection were observed at all positions

since the fields outside this higher dielectric constant material are

substantially weaker and closer to the surface than in the case of the

C' - 10 material.

In order to obtain a direct measurement of the attenuation on the

KRS-5 rod, the magnitude of the reflection variation was noted as the

washer was moved over a short length of the rod. Since there was some

interference to the standing wave pattern from the free space radiation,

it was difficult to measure the decrease accurately; an estimate would be

a 20Z decrease in reflection amplitude in 3 cm of washer motion. This

corresponds to a loss tangent of 0.003, in good agreement with our other

measurements at X-band.
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Figure 111-5 Butt-coupling arrangement used to excite the KRS-5 rod from

a rod of lower dielectric constant. The extent of the HEn

fields are shown dotted, while the region where some free

space radiation was observed is shown to the right of the

dashed line.
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D. Later Measurements at 94 GHz

Since butt-coupling to a lower dielectric constant rod had

worked at 10 GHz, we attempted to employ a similar technique at 94 Gz.

We could not fabricate a 0.5 mm diameter rod from Stycast, since it is

a pressed-powder naterial and very fragile in small cross sections. Further-

more, it is rather lossy at 94 GHz. However, it is easily machined in

larger shapes, and it was readily available, so we fabricated a rectangular

plug that would slip-fit inside a WR-10 waveguide. The protruding portion

of this plug was then tapered (about 3:1) down to 0.5 - diameter. A short

length of KRS-5 fiber was then glued onto this small end. (The loss

characteristics of the glue at 94 GHz is unknown.) Despite the unknowns

in this scheme, a pattern with a guide wavelength approximately 1/2 of the

free space wavelength was observed as a metal perturber was moved along

the surface f the fiber. Again, interference frm the free space radiation

prevented an accurate measurement of the attenuation, but the reflection

amplitude variation at the 1/2 wavelength died off in a distance consistant

with the value of a w 1 per cm calculated from our bulk measurements.

E. Future Dielectric Waveguide Measurements

All indications to date are that the losses in the HEll mode

will be too great in KRS-5 to yield a practical flexible waveguide. However,

we have observed a mode of propagation on these fibers with much lower loss,

of the order of 20 dB,'meter. This unidentified mode also seems to be

tightly confined to the fiber, and reasonably unaffected by bends of 20 cm

radius or so. While 20 dB/meter may still be too high to compete with the

value of 3 dBlmeter for rigid copper WR-10 guide, there may be some applications

in which the guide flexibility outweighs the added loss. In any case, we

I.
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intend to identify the field configuration of the mode and measure its

properties accurately, comparing with theory if possible.

We also intend to develop further the butt-coupling technique of

exciting the HE11 mode in KRS-5 fibers and measure the attenuation constant

accurately to confirm our bulk loss tangent measurements. We feel that

the techniques of coupling into and out of high dielectric constant wave-

guides will be of value for other (rigid) materials such as GaAs and

silicon, and will be required by the dielectric waveguide device research

we will undertake for the remainder of the present program.

11
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TABLE III-I

Measurement of Guide Wavelength at 10 GHz

HEll Guide Wavelength

Material PI Size Shape Experiment Theory
("") (cm) (cm)

Lucite 2.5 6.3 2.9 3.0

Stycast 10 6.3 2.2 2.5

Stycast 10 6.3 E 1.7

Stycast (*) 20 6.3 1.8 not HE11

KRS-5 (**) 32 5.3 0 0.74 0.71

Notes: (*) Lap coupled; produced asymetrical excitation

(**) Butt coupled

REFERENCES FOR SECTION III

III-1. A. E. Popa and R. E. Johnson, Hughes Research Laboratories,

Malibu, CA; unpublished data 1978.
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IV. THEORY OF DIELECTRIC WAVEGUIDES (E. Schweig)

A. Introduction

Hondros and Debye (Ref. IV-i) and, more recently, Elsasser

(Ref. IV-2), and Chandler (Ref. IV-3) have studied a dielectric rod as

a structure capable of supporting a "surface wave," that is, an electromag-

netic wave which is bound to the surface of the structure; the fields are

characterized by an exponential decay away from the surface and a propaga-

tion function exp (-j~z). These studies have shown some of the peculiar

features of the "surface wave" modes that differ from the modes existing

in conventional metallic vaveguides:

1. The possibility of a guided mode with no low frequency cutoff;

2. The existence of only a finite number of discrete modes together

with a continuous elgenvalue spectrum;

3. The possibility of modes that propagate with a phase velocity

less than that of light in free space.

Since the late 1960's optical waveguides in the form of glass fibers

have been studied extensively for their applications in optical communication

systems (see, for example, the review paper by Gloge (Ref. IV-4)). Such

optical waveguides consist of a core surrounded by a cladding of an index

of refraction that is somewhat lower than the index of the core. The dif-

ference in index is, in practice, on the order of only a few parts in a

thousand (hence the name "weakly-guiding fiber"), which leads to significant

simplifications in the solution to Maxvell's equations. The results can be

sumarized in the form of curves that are independent of the actual difference

in refractive index as long as it is a small quantity.

I ~ *
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At mm-wave frequencies, the wavelength can become comparable in size

to the guiding structure, and it is thus necessary to provide for a tighter

confinement of the field within the guide ("strongly-guiding fiber"). Thi-

is realized by using materials that have a large refractive index difference

between the core and the cladding. In such a guide, it is necessary to

compute the exact solution to Maxwell's equations for each configuration.

Relatively little work has appeared in the literature recently on such strongly-

guiding structures compared to the vast literature on weakly-guiding optical

fibers.

We will describe in the next paragraphs the theory of circular fibers

and the results of some computations on the propagation characteristics

and the losses of these fibers. At the end of the section we will give a

short description of previous approaches to the problem of solving Maxwell's

equations for rectangular dielectric waveguides and even more general cross

sections, and the direction we have taken to obtain solutions for these

cases.

B. Theory of Dielectric Waveguides with Circular Cross-section and

Infinite Cladding

1. Equations

The simplest dielectric waveguiding structure consists of

a round fiber that has a core of index nI and a radius a and is surrounded

by an infinite medium of index n2 . This fiber is illustrated in Fig. IV-I.

Such a configuration describes exactly the unclad cr bare fiber case; in

addition, it can serve as a first approximation to the clad, or 3-region

fiber if the fields in region 2 die off fast enough so that they are small

at the interface between regions 2 and 3.

I I
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Figure IV-l Round Fiber with infinite cladding; system of coordinates.
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We will consider a time-harmonic solution of frequency w and a cylindri-

cal system of coordinates (r, 0, z), with the z-axis along the fiber axis.

At first we will consider all media to be isotropic, homogeneous and lossless;

the losses will be incorporated afterwards as a perturbation.

The field components of E and H can be derived from the generating

components E and H (see, for example, Langmuir (Ref. IV-5)); these components2 z

are,

in region 1:

E = AE im(k rr) cos m

(IV-l)

Hzl - AH Jm(k rr) sin m 0 for r 4 a,

and in region 2:

E B K (jk r) sin m
z2 E r'

(IV-2)

H -B K (jk r) sin m 0 for r > a.

22 H M r

All of the field components have a common exp(-JBz) dependence which has

been omitted for simplicity. The transverse separation constants kr
q

satisfy the relation

2 2 2 2k n k - for q -I, 2 (IV-3)r q
q

where k is the wavenumber in free space.

The choice of the radial functional dependence given in Eqs. IV-I and

IV-2 assures the proper behavior of the fields in each region for the modes.

The tangential components of E and H must be matched at the interface r - a.
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This matching then specifies a system of four linear homogeneous equations

for the four undetermined factors A, A, BE, and B The compatibility

condition for this system is the characteristic equation in B for modes

propagating in the core, Eq. IV-3. The various modes that are obtained are

designated Eo, on , HE , and EHl . The first capital letter indicates

the dominant longitudinal field component; the second letter (if any)

adicates that the mode is a hybrid, that is, it has both longitudinal

electric and magnetic fields. The subscripts designate the order of the

mode: m for the angular variation and n for the radial variation.

To describe the solutions, we will use the following abbreviations

that are common in the description of optical fibers (Unger, Ref. IV-6);

we define a radial phase parameter in the core, u, and a radial attenuation

parameter in the cladding, v;

S2 a 82)1/2

v "ka -a (2 - n2)1/2v k2a -2) (IV-5b)

We also define a normalized frequency V:

v=~ ~ _ 212-2
V w ka/ n - 2 (1 -6)

and a normalized propagation constant B

(0/k) 2 _n2
2 2 (IV-7)

1 - 2
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In the particular case of a fiber consisting of a core surrounded by

an infinite cladding, we can deduce the partition of power flow between

the two media from the characteristic (dispersion) curve of B vs V. If

the waveguide incorporates only isotropic and non-dispersive materials,

the fraction of the power that is guided within the core is given by Krumbhols,

et al. (Ref. IV-7):

B+V dB (V8Dcore B+2 dV (V8

The attenuation of the guided mode is then given by:

- 1 core + a2cladding (IV-9)

where a1 and a 2 are complicated functions derived from the characteristic

equation. However, if the mode is well confined so that most of the power

travels within the core, aI is equal to the bulk material attenuation of

region 1.

2. Results of Numerical Calculations

A program was written that solves numerically the characteristic

equation for a round fiber with an infinite cladding. The results are pre-

sented in Figs. IV-2,3,4 in terms of the normalized parameters V and B.

Figure IV-2 corresponds to a core of Teflon surrounded by air, and Figs. IV-3

And IV-4 correspond to a core of KRS-5 surrounded by air and Teflon respectively.

The succession of the various modes, that is, the order in which they turn on

as frequency is increased, remains the same in all three cases; but as the

index of the core is increased the phase parameter corresponding to the RE

and E modes remains very small until a higher value of frequency (V) is

reached.
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MODES OF A CLAD FIBER
n,:1.60 n2 =1-00

1.0

0.8-

Ui

oHo

S0.2-

X0.0

QLO 1.0 2.0 3.0 40 50 6.0 7.0 8&0
NORMALIZED FREQUENCY: V

Figure IV-2 Modes of a round fiber with infinite cladding

core: n1 . 1.60 (Teflon

cladding: n 2 - 1.00 (air)
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MODES OF A CLAD FIBER
n,:5.67 n2 :I.OO

108

I-

UHE

0.0/
0.0- E.0 2. 3. 4 50 60 7.0 8.

--- E oes-:-oe -:EH-oe.EH 11 mde

core: A, If.7(KS5

Q ding0 2 .0 4(air). 70 .
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MODES OF A CLAD FIBER
ni:5.67 n2 =1.60

0.8-

Uj .6- o. .

< Eiii-

~0.2-

0.0 .0 2.0 3.0 4.0 5.0 6.0 TO 8.0
NORMALIZED FREQUENCY: V

--- :E- modes -- :H-modes -:HE,.-modes *--..EH1, modes

Figure IV-4 Modes of a round fiber with infinite cladding

core: n, 5.67 (KRS-5)

cladding: n 2 a1.60 (Teflon)
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For most millimeter wave applications the waveguide should be used in

a single mode configuration. It is therefore important to determine the

frequency range over which only the lowest order HE11 mode can exist.

This is similar to the useful frequency range of ordinary metallic "dominant

mode" waveguide. Unlike the dominant mode in metallic waveguide, the HE11

has no low-frequency cutoff; as the frequency is decreased, more and more

of the power will flow outside of the core, resulting in weak guiding or "loose

confinement." We will consider the HE mode to be strongly guiding or "closely

confined" when at least 90% of the power is propagating within the core (an

arbitrary definition); this defines the lower frequency limit of the sinFle

mode range. The high-frequency limit of single mode operation occurs wv

the next mode is cut on, which occurs for a fixed value of V - 2 18 in .a

cases. Figures IV-5 to IV-8 show the dispersion characteristic and power

distribution in the different fiber combinations considered above. If the

core has a high index of refraction, the HEl mode will turn on very Yrpidly,

as illustrated by Figs. IV-5 and IV-6. Figures IV-7 and IV-8 show this

rapid increase on an expanded scale. Note that for the KRS-5/air fiber

combination shown in Figure IV-7 there is a region of strong guiding in

single mode operation, for V - 2.2 to V - 2.38. However, for the KRS-5/Teflon

fiber shown in Figure IV-8, the next mode cuts on before strong guiding

(90% power in the core) occurs. The reduction in the difference in index

between core and cladding slows the rise in the fraction of the power

carried by the core.
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POWER DISTRIBUTION IN A CLAD FIBER:
nj -- 1.60 n2 = 1.00

NORMALIZED FREQUENC, : ko
0.0 0.80 1.60 2.40 3.20 4.00 4.80 5.60 6.41

1.0

0.6 Pcoe [H

S1%GLE MODE MULTIMODE

0.4-

0.,

0.0

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0
NORMALIZED FREQUENCY:V

Figure 5 Dispersion characteristic and power distribution

of round fibers with infinite cladding

core: n, a 1.60

cladding: n2 - 1.00

2I
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POWER DISTRIBUTION IN A CLAD FIBER:
nl=:5.67 n2 =1.00

NORMALIZED FREQUENCY: ka
C.0 0.18 0.36 0.54 0.72 0.90 1.08 1.25 1.43

0.8- Pcf [HE111 B(HE11 .....

O6-SINGLE MODE ' UTIMODE

0.4-

0.2-

0.0
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0

NORMALIZED FREQUENCY: V

Figure IV-6 Dispersion characteristic and power distribution

a round fiber with infinite cladding

core: n, 5.67

cladding: n 2 =1.00



POWER DISTRIBUTION IN A CLAD FIBER*.
n1=5.67 n2 %1.00

0.8 STRONGLY GUIDED HE,,
p[HE111

SINGLE MO,.DE MULT IMODE

0.48HE,

0.2-SH]

0.0L
2.00 2.13 2.25 2.38 2.50 2.63 2.75 2.88 3.00

NORMALIZED FREQUENCY V

Figure rV-7 Dispersion characteristic and power distribution

of a round fiber with infinite cladding (enlarged scale)

core: ni 5.6

cladding: a 1 0

L~-
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POWER DISTRIBUTION IN A CLAD FIBER:
n =5.67 n2 = 1.60

90%

' STRONGLY GUIDED HE ,,
o,6- p (HE,,]'-

0.6-

0.4 SINGLE MODE IMULTIMODE

0.2B

0.0 Li
2.00 2.13 2.25 2.38 2.50 2.63 2.75 2.88 3.00

NORMALIZED FREQUENCY: V

Figure IV-8 Dispersion characteristic and power distribution of a

round fiber with infinite cladding (enlarged scale)

core: n - .5.67

cladding: n2 - 1.60
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3. Losses

The total propagation losses for a dielectric waveguide result

from the dielectric losses in the core and cladding and from the bending

losses:

(I -core +cladding +bending (IV-1O)

where a is the real part of the complex propagation constant y - E + J8.

It is assumed that the dielectric losses are sufficiently small that

the field distribution in the modes is identical to the distribution computed

in a lossless case; we then have:

1core = aMocore (IV-Il)

cladding " 1 (-0core) (IV-12)

where Im corresponds to the real part of the propagation constant of a plane

wave in the bulk material, as given by

THX tan 6 (IV-13)

0

and pcore is the fraction of the total power that is guided within the core.

Several authors have proposed formulas for computing the bending losses

of dielectric waveguides. Neuman, et al. (Ref. IV-8, 1975) has shown that

these formulas can be reduced to a common expression:

Ix (R/A0)
aR RP) 67r2 (r 0I
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where R is the radius of curvature, 0 is the wavelength in the outer medium,0

and r is the extension of the field in this region. (The fields, outside of
0

the core behave like K (r/r ), which can be approximated by an exponential

decay exp(-r/r ).)

We may now compute the fiber losses for three cases of practical

interest, namely those fiber designs that have an attenuation comparable to

metallic waveguides.

a. KRS-5/air waveguide. For the sake of comparison, we

determine the radius a of the core so that the dielectric losses correspond

to the losses of conventional metallic waveguides at 94 GHz:

a c 3 dB/m - 3.45 x 10
- 4 m-

For very small ka, we can approximate the dispersion relation by

B V=-1.2 exp[-D /V 2 ] (IV-15)
V2

where D = 1 + (n1 /n2)
2 (Unger, Ref. IV-5, 1975). Also, we have seen earlier

that the power distribution is given by

core + V dB (IV-16)

and therefore,

core V.
26 D exp(-D/V2 ) (IV-17)

....... ---
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Because core core this value of a corresponds to p - 3.1 x 10-3

for KRS-5 (see Table IV-I). Knowing the value of Pcore' we can now solve

Eq. (IV-17) by successive iterations and find that V - 1.9. From (IV-15) and

the definition of B we deduce for the propagation constant: a/k - 1.0006, with

-1k - 1.97 mm at 94 GHz. In order to compute the radiation losses, we must

know r , the extension of the fields outside of the core, in the air. From

the theory of a fiber with infinite cladding, we have

1/r - ( 2 )12 (IV-18)
0

and therefore, r - 21.2 mm. The bending losses, for a bending radius
0

R - 200 mm, become R - 5.0 x 10 , and for R - 600 mm, R 2.2 x 10

about 3 dB/meter or the same as the dissipative losses in WR-10 metallic

waveguide.

b. Teflon/air waveguide. Using the same steps as in case a,

we obtain successively

Dcore - 0.12

V - 1.25

a - 0.51 mm

8/k - 1.06

r - 1.44 mm
0

o. = 5 .1 x 10-8"" - I for R - 200 mm

. 1-18 -l
oR  

1.7 x1 m I for R - 600 mm

These two cases demonstrate that the advantage of a high-index core would
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be to provide a better confinement of the fields inside the core. But this

advantage is practical only if the core material is low loss. KRS-5 is too

lossy, and in order to achieve a small dielectric loss, most of the power

would actually travel outside of the core; such a fiber suffers then from

high bending losses because the mode is loosely confined. Teflon has a lower

dielectric loss than KRS-5 so to obtain losses comparable to metal waveguides,

we can guide 12% of the power inside the core. This confinement is already

sufficient to lower the bending losses by several orders of magnitude.

c. KRS-5/Teflon/air waveguide. The losses in this case are

worse than the losses in case a and b. We must now add to the dielectric

losses in the KRS-5 core the losses in the Teflon cladding. The cladding

in all practical cases will be very large so that the fields at the interface

Teflon/air are negligible, thus the losses in the Teflon will be essentially

the bulk losses and it will not be possible to achieve a dielectric loss of

3 dB/m, no matter how small we choose the core. Also the guiding properties

of the KRS-5 core are degraded because the difference in index of refraction

between the core and the outer medium is now decreased (see discussion of the

propagation characteristics, earlier in part IV).

We must remark that in case a and b the outer medium is indicated as

"air," but a practical realization will involve the use of a foamed material

that will approximate the dielectric properties of air: c' = I and very small
r

losses. This is required in order to supply mechanical support and prevent

the fields from coupling with external objects.

Finally, we must conclude that KRS-5 is not a suitable material for a

closely confined HE dielectric waveguide because of its high losses.

Teflon can be used (and is actually used in various applications) but only for

short lengths.
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C. Dielectric Waveguides of Rectangular Cross-section

The problem of a dielectric waveguide with a rectangular core

cannot be solved exactly. Marcatili suggested an approximate solution

by satisfying only some of the boundary conditions and neglecting the corner

regions. He comared the accuracy of his solutions to uumerical computations

done by Coell and found out that, for weakly-guiding cores (the index difference

between core and cladding is small) and far from cutcff, the approximate solu-

tion gives good results. Goell used a numerical method based upon the point-

matching technique, that consists of expanding the fields in the modes of

a simple geometry. More recently, C. Yeh applied the finite-element method

to the solution of Maxwell's equations for an arbitrarily-shaped dielectric

waveguide. These methods, their assumptions and limitations will be described

in the next seztions. The last section will be devoted to a short analysis

of the finite-difference technique that we intend to use for our computations

of the modes in rectangular dielectric waveguides.

(l) Marcatili's approach (Ref. IV-9)

Marcatili assumes that the power is well confined inside the

core; he ignores the corner regions so that he matches the field inside the

core with the fields existing in the cladding only along the boundaries that

form the side of the rectangular core region. The index of refraction of the

core is supposed to be very close to the index of the cladding; therefore

the modes must be quasi-plane waves and are designated Ex  where the super-

script indicates the direction of polarization. In each region a certain

behavior is assumed for the components of the fields (see Fig. IV-9). The

fields are then matched at the boundaries in order to give a resulting charac-

teristic equation. In this process, however, Marcatili neglects the field

components that are not dominant. Re then obtains simple characteristic

equations. The dispersion curves agree well with the results of numerical
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computations (Goell and Yeh) except near cutoff when the power is not

confined. Because of the various assumptions involved, the method cannot

be extended for the case when the core has a high index of refraction compared

to the cladding region. Also the analysis becomes very complicated when

additional layers are added.

(2) Goell's numerical computations (Ref. IV-10)

Goell expends the solution of the wave equations in terms of

a finite series of the modes of a round fiber, weighted by unknown coefficients.

These coefficients are then determined by matching the fields at a finite number

of points disposed along the boundary. The number of terms in the expansion

that are needed is on the order of 3-5, for any practical accuracy. However

the solutior does not provide any physical insight into the problem. This

method is hard to generalize for more complicated geometries. Also,

according to C. Yeh (Ref. IV-Il) the results are accurate only when the

aspect ratio is close to unity (almost-square waveguide).

(3) Finite-elements (C. Yeh, Ref. IV-12, 13)

The finite-element method, well known to mechanical engineers,

was applied by C. Yeh to the problem of wave propagation along arbitrarily

shaped inhomogeneous optical waveguides. It is a purely numerical method based

upoti t.he exact Maxwell's equations. It consists of dividing each homogeneous

region into subdomains of triangular shape and assumiag, Ahat the solution will

vary linearly over such a triangular domain. The problem is then reduced

to computing the eigenvalue of a large matrix; one eigenvalue of this matrix

corresponds to the propagation constant of a given mode and the corresponding

eigenvector determines the field values at the center of each triangular domain.

6-J
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The method Is somewhat complicated in its formulation, especially in the

treatment of the boundary conditions between two different homogeneous regions.

(4) Finite differences (this work)

It was felt that a computer program for determining the charac-

teristics of dielectric waveguides of (somewhat) arbitrary shape would be very

useful. One of its uses would be to study the properties of rectangular

dielectric waveguide when the core regions has a high index. Some recent

papers (see for example Ref. IV-14) present computations based on Marcatili's

formulas, but without proper considerations of the stringent limitations of

this analysis. Marcatili assumed that the index step between core and cladding

was so small that modes become quasi-plane waves. For a large difference

in index, the modes must become more complex hybrid modes, having both

longitudinal electric and magnetic fields. The exact mode pattern becomes

a very important characteristic in the millimeter wave range because the

active devices that can be integrated with the waveguide are sensitive to

the orientation of the electric field. We are developing a computer

program based upon the finite difference method. This method is conceptually

very simple. A discrete grid is defined over the waveguide region and

Maxwell's equations are then transformed into difference equations. The prob-

lem is then to solve for the eigenvalues of a matrix. The eigenvalues of

this matrix correspond to the propagation constants of various

modes and the eigenvectors are the field values at the mesh points.

The finite-difference method is, from a numerical point of view, somewhat

less efficient than finite-elements. However, we believe that this can be

corrected using numerical convergence algorithms.
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TABLE IV-I

Dielectric Properties Used in Waveguide 
Calculations (f " 94 GHz)

-1

Material rF Tan 6 am

32 2 x 102 1.11 x 1O-1

-3 x 1-3

Teflon 2.1 2 x 10 2.86 x 10
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V. GENERAL GUIDELINES FOR THE DESIGN OF MULTILAYER CYLINDRICAL DIELECTRIC

WAVEGUIDES (A. E.-T. Chiou)

A. Introduction

In this section we examine the nature of the modes that propagate

along a multilayer cylindrical dielectric waveguide. Rather than ask for

a complete solution to the problem, we derive a simple relation among the

values of the dielectric constants of the various layers that will indicate

whether the waveguide will have large or small radiative losses due to bending

or interference with external objects.

To obtain a simple relation it is necessary to make mathematical approxi-

mations that may cast some doubt on the validity of the final result; however,

the approximations required to make the problem mathematically tenable.

We assume that all dielectric materials are lossless, and, further that

the gAide itself is "lossless" in the sense that we constrain the guide

propagation constant 8 to be real. (Waves propagate along the guide as

exp(-JBz).) We know that in reality the dielectric materials will exhibit

some loss, which would require us to consider complex values of S. Even for

lossless dielectrics, $ can be complex if the guide radiates into its sur-

roundings. Thus, allowing only real values for 8 is, strictly speaking,

incorrect. What we hope for here is that the general conclusions about the

nature of the field solutions (that is, whether they are largely radiative-

like or largely evanescent) will not change with small values of dielectric

loss or actual radiation. The recent publication of evperimental results by

Yamamoto (Ref. V-10) gives us some confidence that the simple relation is

useful, since it is able to explain his results.
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B. Background

The theory and applications of dielectric waveguides have appeared

in the literature since the turn of the century (V-1,2). Almost all of

the existing papers (for example, Refs. V-i through V-10) deal exclusively

with one or two specific configurations with a specific application in

mind. This paper deals with the general behavior common to all members

of a class which we call multi-layer coaxial dielectric waveguides. A very

general multilayer coaxial dielectric waveguide is shown in Fig. V-1. All

the dielectric layers are assumed to be lossless, i.e., the relative permit-

tivities Ei(i - 1,n) are all real. Some of the specific members of such a

general system are shown in Figure V-2. For efficient guiding of an electro-

magnetic wave, there are two features that are generally desirable:

1. The fields (power) in the outermost region should be kept as

weak as possible. In other words it should vanish as fast as possible as

one moves away from the axis;

2. In case the dielectrics are lossy, the fields (power) within

the media with high dielectric loss should be kept weak. Condition I ensures.

that the guided wave will be weakly coupled to the external world so that

the radiation loss will be small (due to either bending or interaction with

objects in the vicinity such as mounting hardware. Condition 2 ensures that

the overall dielectric loss is small.

C. Analysis

Consider a cylindrical coordinate system (r, *, z) wgere tge z
axis coincides with the axis of the coaxial system; the general solution

for a wave propagating along the z-direction (i.e., with z and time dependence

given by exp[j(wt - Oz)]) can be obtained by the standard methods (V-11).

V
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Figure V-i Multilayer coaxial dielectric waveguide; all Li

are real for lossless dielectrics.
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Figure V-2 Some specific systems that have been

discussed in the literature
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In general we can express it as follows. Inside each layer i:

Ezi = AiJn(kir) + BiNn(kilr) cos(n$) exp[j(wt - Bz)] (V-I)

Hzi = CiJn(kir) + DiNn(kir) sin(n) exp[j(Z - Bz)] (V-2)

with

2 + a 2 k (V-3)

where

J - Bessel function of order n
n

N = Neumann function of order n
n

ki M radial wavenumber in medium i

$ - 27/Xg W axial wavenumber

= guide wavelength

k - 27/X ° - wavenumber in free space

v'~ik - 2r/Xi - wavenumber in the unbounded medium with relative

permittivity - i

All the other field components, namely Er , E09 Hr, HV. can be expressed in

terms of E and H . If we assumed that all the dielectrics are lossless,
z z

then both ci and $ are real, w0 'e an be either real or imaginary (subject

to some constraints to be disnussed in the following 
section). When k takes

on imaginary values, it is appropriate to deal only with 
real numbers by

simply expressing it as ki W J6 (S is real), so that Eqs. V-1 to V-3 become

Ezi  [AiIU (1r) + BiKn(6 r)] cos(n$) exp[j(wt - Bz)] (V-4)

ini (r~
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H zi [C I I( 1r) + Di K n( Ir)] sin(no) exp[j(t- Bz)] (V-5)

62 + a2 . Ck2 (V-6)
i ±0

The major difference in the two cases lies in the fact that the functions J
n

and N have oscillatory behavior, while the functions I and K are of expo-n n a

nential nature. Since the values of the functions N r) and K r) aren n

infinite at r - 0, they are not allowed in the expression for the field in

the inner-most region. For the same reason, the functions I (r) should ben

excluded from the solution for the outer-most region.

If we consider only the inner-most region and the outer-most region and

forget about the intermediate region, it turns out that there are four possible

combinations of solutions as shown in Fig. V-3. Note that all the functions,

J (kr), J'(kr), N (kr) and N'(kr) behave asymptotically like exp[t jkr]/r,
n n nl

which describes cylindrical wave propagation. The fields in the outer-most

region for case (II) and case (IV) in Fig. V-3 are of this form and imply

that the field energy is very poorly confined within the guide due to the

outward radiation loss. These are known as radiation modes. For case (M)

and case (III) the fields in the outer-most region decay exponentially as r

increases. The waves in these cases are confined largely inside the guide

and propagate along the axis of the guide. These are known as the guided

modes. If we compare case (I) and case (III), it is obvious that fractional

energy in the inner-most region for case (I) is, in general, larger than

that for case (III), and case (I) is the most desirable (efficient) case

of the four for wave confinement.

The story changes when the dielectric loss of the media is significant.

As a matter of fact, if any one of the C, say Cm is complex, then the axial
pe

propagation constant B can no longer be real because the dielectric loss will
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unavoidably introduce a decay of the field along the axial propagation

directiun. It follows from (V-3) that all the ki (not just the one corres-

ponding to the medium m) become complex. Note that when k = k' + jk",

[ n(kr), N n(kr)] ", expf[ J(k' + jk")r]/ (k' + jk")r. The dielectric loss,

therefore, introduces an exponential decay factor in the r dependence in

the field expression and the outward radiation becomes an evanescent field.

If the loss is sufficiently large, this additional factor will then force

the field to decay fast enough as r increases, so that the field energy

confinement is improved. It follows that operating a waveguide in modes

illustrated in case (II) and case (IV) is sensible only if one or more

dielectric media are sufficiently lossy. The "thick wall tube" (Ref. V-7)

and "0-guide" (Ref. V-8) are examples of dielectric waveguides with lossy

dielectrics operating under the condition described above. Strictly speaking,

when one or more dielectric media are lossy, the division of solutions into

the four simple cases as shown in Fig. V-3 becomes somewhat vague.

D. Constraints on Radial Wave-Numbers

For a general multi-layer dielectric waveguide with lossless

dielectric, if Em is the largest of all, ci, then

09 m

(ii) k can only be real
m

That is, the field expression inside the medium with the maximum permit-

tiviLy can only be oscillatory. We cannot have a guided wave propagating

with a phase velocity smaller than that of the wave in the "slowest" medium.

Thus, if c < ci for all i 0 m, then v < v is unphysical. (v is the

phase velocity of the guided wave, and v is the phase velocity of a wave
m

in the unbounded medium with permitivity cm.) Hence, vg • vm and therefore

g
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Case t ) n.~7

Case (1)

Oda"---



V-9

> X = \ /1'. From this it follows that
g m 0 m

E) ( A )2 (v-7)
m o g

From Eq. V-3 we have

k 2  E k 2 2

m mo

E £(27T/Xo)2 _ (27/IXg)2 1(T)2 A- (V-8)

and from Eqs. V-7 and V-8, we have k2 ) 0 or k is real. For any other "i'm m

with Ei < C there exists no such restriction. Since the relation

it "m

2 .. (2r\2[Ei _ (Xo)2] (V-9)

holds for any i, it follows that ki can be either real or imaginary depending

on whether (X Ag)2 is less than or greater than £i"ogn

The results of the analysis given above can be illustrated schematically

2as shown in Fig. V-4. For example, at point a where (X 0) A a < E2 < EI < Em,

we have
(k/o2 -+ 1 -a)ok I = kov- I  ais real

(k1/ko) = +(C2 - a) or k2 . ko A 1 - a is real

(km/ko)2 - +(E - a) or k a k vc- a is real(2Ik 0 (2 2 0o2

22
(k /k) +(C 3 -a) or , - k VE is real

2
at point b where (/A ) - b such that £2 < b < £ < Emp we haveo g21



V-10

((km/k 0)2

//xg

03 62  b6 1  e

k2  j82 2

km km km

Figure V-4 Illustration of constraints on radial wave number for a

coixial dielectric vaveguide with e2 < E< m
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2
(k1/k) = (Ei - b) or kI . ko4 1 - b is real

2
(k /k) -(b - E2  or k2 a ju 2  jk b - E_ is imaginary

(k/k) =+(E -b) or k - k vF- b is realmam m a m

Application of the analysis to the 0-guide (Ref. V-5) (a thin-walled dielectric

tube with air inside and out) and the gas-confined guide (Ref. V-10) (a thin-

walled tube with air outside and higher dielectric constant gas, e.g., butane,

inside) is shown in Fig. V-5 with the results tabulated side by side at the

bottom of the figure.

As already explained in the previous section, if the dielectric loss is

insignificant, field solutions corresponding to case (II) and case (IV) in

Fig. 3 lead to the radiation modes. Only the solutions corresponding to case (I)

and case (III) result in the guided modes. It is obvious that, quantitatively

speaking, the gas-confined guide which allows field solution corresponding to

case (I) while operating in region AB (see Fig. V-5) is better than the

O-guide which can at best be operated in the region AC corresponding to

case (III). This is essentially the result of the quantitative analysis

given by Yamamoto (Ref. V-10).

E. A Review of Literature

If we apply the analysis described above to each of the specific

configurations illustrated in Fig. V-2 that have appeared in the literature,

we see that the dielectric rod (Fig. V-2a) (Ref. V-3,4,6), the W-type guide

(Fig. 2d) (Ref. V-9) and the gas confined guide (Fig. V-2e) (Ref. V-10) can

be operated in a region such that the field distribution take the form of

Fig. V-3a. As a consequence they are in general
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"o" guide Gas confined guide(0 .
I3 if( I I

t t3

0 A C 0 ABC

Operating point Solution Operating point Solution

OA cose(lI) OA case (11)

AC case(Ill) AB case (I)
BC case (III)

Figure V-5 0-guide v.s. gas confined guide

........ --
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related or similar counterparts that do not allow such solution. We also

see that as far as the guided modes are concerned, the thick wall tube (Fig. V-2b)

(Refs. V-4,7) and the O-guide (Fig. V-2c) (Refs. V-4,5) can only be operated

in the region which gives the field solution as shown in Fig. V-3c. As a

consequence, they are, in general, less attractive. These guides, however,

can be made to operate with a field distribution similar to Fig. V-3b inside

the guide and approximately exponential behavior outside the guide by introducing

sufficient dielectric loss. Marcatili (Ref. V-7) discussed the thick wall

tube in this context; a similar discussion of the O-guide with dielectric

loss does not appear to exist in the literature.
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